We present the rest-frame UV wavelength dependence of the Petrosian-like half-light radius (r 50 ), and the concentration parameter for a sample of 198 star-forming galaxies at 0.5 < z < 1.5. We find a ∼5% decrease in r 50 from 1500 Å to 3000 Å, with half-light radii at 3000 Å ranging from 0.6 kpc to 6 kpc. We also find a decrease in concentration of ∼0.07 (1.9 < C 3000 < 3.9). The lack of a strong relationship between r 50 and wavelength is consistent with a model in which clumpy star formation is distributed over length scales comparable to the galaxy's rest-frame optical light. While the wavelength dependence of r 50 is independent of size at all redshifts, concentration decreases more sharply in the far-UV (∼1500 Å) for large galaxies at z ∼ 1. This decrease in concentration is caused by a flattening of the inner ∼20% of the light profile in disk-like galaxies, indicating that the central regions have different UV colors than the rest of the galaxy. We interpret this as a bulge component with older stellar populations and/or more dust. The size-dependent decrease in concentration is less dramatic at z ∼ 2, suggesting that bulges are less dusty, younger, and/or less massive than the rest of the galaxy at higher redshifts.
INTRODUCTION
Observations of galaxies at rest-frame ultraviolet wavelengths (λ ∼ 1500 Å) are important for tracing the evolution of star formation and dust obscuration. Until recently, the study of the structural properties of galaxies in the rest-frame ultraviolet has focused on z 2, as wavelengths <3000 Å and redward of the Lyman Break are easily accessible in the observed-frame optical using the Advanced Camera for Surveys (hereafter, ACS, Ford et al. 2003) on the Hubble Space Telescope (HST). 8 Furthermore, the Galaxy Evolution Explorer (Martin et al. 2005) allows for the study of galaxy structure at z 0.5 (e.g., Kuchinski et al. 2000; Heckman et al. 2005; Taylor-Mager et al. 2007) . With the installation of the Wide Field Camera 3 (hereafter WFC3), including the UVIS channel, we now have the capability to directly observe the UV emission from hot stars in galaxies at 0.5 < z < 1.5, a redshift interval that spans about one third of the history of the universe.
Recently published studies of the morphological properties of 0.5 < z < 1.5 galaxies are drawn largely from the Cosmic Assembly Near-IR Deep Extraglactic Legacy Survey (CANDELS, Grogin et al. 2011; Koekemoer et al. 2011) , which observed ∼0.2 deg 2 of sky in the optical and near-infrared with HST/ACS and HST/WFC3, respectively. In one such study, Wuyts et al. (2012) performed resolved spectral energy distribution (SED) fitting of 323 star-forming galaxies and found that the majority of recent star formation at 0.5 < z < 1.5 is occurring in clumps at or near the effective radius. These 8 Based on observations made with the NASA/ESA Hubble Space Telescope, obtained (from the Data Archive) at the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555. These observations are associated with program number HST- GO-12534. observations are consistent with theoretical models of gas-rich turbulent disks where clumps are supported by infalling cold streams of gas (Bournaud et al. 2007; Bournaud & Elmegreen 2009 ). There are alternative models involving mergers (e.g., Robertson & Bullock 2008) , which may be important for a subset of galaxies at these redshifts, but fragmented structures in sources with clear rotation curves suggest that this is not the dominant mechanism (Genzel et al. 2008; Fruchter & Sosey 2009; Law et al. 2009; Shapiro et al. 2009 ).
At higher redshifts, rest-frame UV imaging with ACS reveals that most z > 2 star-forming galaxies are clumpy, disturbed and disk-like in the rest-frame UV, with only ∼30% having light profiles consistent with galactic spheroids (e.g., Ferguson et al. 2004; Elmegreen & Elmegreen 2005; Lotz et al. 2006; Ravindranath et al. 2006; Petty et al. 2009 ). These studies find typical half-light radii of ∼2 kpc at z ∼ 2-3 and a size evolution that scales approximately as H −1 (z). Although the UV wavelength dependence of galaxy structure has not been studied at high redshift, such studies have been carried out on well-resolved galaxies in the local universe. Taylor-Mager et al. (2007) found that morphology changes occur as one observes bluer in the UV, with galaxies becoming less concentrated, clumpier and more asymmetric.
We can obtain a clearer picture of the young stars in galaxies at 0.5 z 1.5 by studying their rest-frame UV emission at λ ∼ 1000-4000 Å. Previous studies of star-forming galaxies in this redshift range were performed without the aid of observed-frame UV imaging (e.g., Bruce et al. 2012; Wuyts et al. 2012 Wuyts et al. , 2013 or with relatively shallow imaging in a single filter (Voyer 2011; Rutkowski et al. 2012) . In this paper, we use data taken as part of a program (GO 11563, PI: Teplitz) to obtain UV imaging of the Hubble Ultra Deep Field (hereafter UVUDF) and study intermediate-redshift galaxy structure in the F336W, F275W, and F225W filters, complementing existing optical and near-IR measurements from the 2012 Hubble Ultra Deep Field (HUDF12; Ellis et al. 2013) survey. We use AB magnitudes throughout and assume a concordance cosmology with H 0 = 71 km s −1 Mpc −1 , Ω m = 0.27, and Ω Λ = 0.73 (Spergel et al. 2007) . With these values, 1 = 8.0 physical kpc at z = 1.
DATA AND METHODOLOGY
The UVUDF data and the optical Hubble Ultradeep Field (UDF; Beckwith et al. 2006) are both contained within a single deep field in the Great Observatories Origins Deep Survey South. The new UVUDF data include imaging in three filters (F336W, F275W, and F225W), obtained in 10 visits, for a total of 30 orbits per filter. In addition, from the UDF, we make use of deep drizzled images taken in the observed optical with the F435W, F606W, and F775W filters. What follows is a brief summary of the observation strategy, data reduction, and catalog generation. For much greater detail on these procedures, see Teplitz et al. (2013, UVUDF) , Beckwith et al. (2006, UDF) , and (M. Rafelski et al., in preparation) .
The first half of the UVUDF observations were taken with 2 × 2 onboard binning and without any artificial background added to the exposures. In the second half, in order to mitigate the effects of charge transfer inefficiency (CTI), the observations were done without binning and with an artificial "post-flash." We use only the second half of the observations for the following analysis. Although the effects of the CTI are mitigated by the post-flash, it could potentially still alter the apparent sizes of galaxies. We discuss and test this possibility in Section 2.3.
We reduced and calibrated the individual exposures incorporating overall bias frames, custom CTI-corrected dark frames and hot pixel removal (to be described in M. Rafelski et al., in preparation) , flat-fielding, and background subtraction that includes the removal of the post-flash. After applying a CTI correction to the raw data (using v1.0 of the standard CTI correction tool 9 ), we combined the exposures using MultiDrizzle (Koekemoer et al. 2002) , with a pixfrac of 0.8 and a square kernel, to produce final drizzled images with a pixel scale of 30 mas. Details of the image combination are the same as those described in Koekemoer et al. (2011) . In order to ensure accurate alignment of the UV imaging with the UDF (Beckwith et al. 2006) , the WFC3 exposures were individually aligned to the UDF B-band catalog.
We construct a source catalog (M. Rafelski et al., in preparation) , following a procedure similar to the Ultradeep Field catalog (Coe et al. 2006 ). All objects are detected using SExtractor (Bertin & Arnouts 1996) on an image that is the weighted sum of the F435W, F606W, F775W, F850LP ACS images and F105W, F125W, F140W, and F160W WFC3/IR images. This detection image is used to derive aperture corrections, which are then applied to isophotal magnitudes measured in the UV images. The effective depth; that is, the limiting magnitude at which sources have a >50% detection efficiency, is m AB = 27.7, 27.7, 28.2 for F225W, F275W, and F336W, respectively.
For all individual galaxies, we determined redshifts using a Bayesian photo-z (BPZ) algorithm (Benítez 2000; Benítez et al. 2004; Coe et al. 2006) , but the UVUDF catalog also includes spectroscopic redshifts, compiled by Rafelski et al. (2009) from a range of sources (Le Fèvre et al. 2004; Szokoly et al. 2004; Vanzella et al. 2005 Vanzella et al. , 2006 Vanzella et al. , 2008 Popesso et al. 2009 ). We 9 http://www.stsci.edu/hst/wfc3/tools/cte_tools Figure 1 . Photometric redshift plotted against the spectroscopic redshift for 33 galaxies in the UVUDF. The photometric redshifts have a scatter in Δz/(1 + z) of σ z = 0.030, after excluding one 3σ outlier, and the mean has a bias of Δz/(1 + z) = 0.008 ± 0.006. also include new measurements from Balestra et al. (2010) and Kurk et al. (2013) , giving a total of 33 0.5 < z < 1.5 galaxies with spectroscopic redshifts. We demonstrate the accuracy of the photometric redshifts in Figure 1 by comparing them to spectroscopic redshifts for these galaxies. The photometric redshifts have a scatter in Δz/(1 + z) of σ z = 0.030 over the range, 0.5 < z < 1.5. In addition, there is a bias of (z phot − z spec )/(1 + z) = 0.008 ± 0.006, which we find to be insignificant at <2σ using 1000 bootstrap simulations. We also used 125 G141 grism redshifts from the 3D-HST project (van Dokkum et al. 2013) , which agree very well with the other spectroscopic redshifts, σ z = 0.0056. For all samples here, we assume a galaxy is at its spectroscopic redshift, if one is available. If not, it is given either a grism redshift or, if no other measurement is available, a photometric redshift.
Sample Selection
We analyze two UV-luminosity-limited samples, one at 0.5 < z < 1.5 and another at 1.5 < z < 2.5. We select each according to the rest-frame 1500 Å absolute magnitude, M 1500 , which is estimated from a linear interpolation between the two nearest UV or optical magnitudes. In Figure 2 , we show the distribution of M 1500 as a function of redshift for galaxies in the UVUDF area. We implement a M 1500 < −17 cut to ensure completeness at all redshifts and sufficient signal-tonoise (S/N) that concentration measurements can be made in most bandpasses (S/N per pixel >2, see Section 2.2 for more detail on the signal-to-noise requirements). Our source catalog is 100% complete for all galaxies brighter than this magnitude cut. The final luminosity-limited samples contain 198 galaxies at 0.5 < z < 1.5 and 400 galaxies at 1.5 < z < 2.5.
Structural Diagnostics
We measure galaxy sizes with a Petrosian-like radius (Petrosian 1976); specifically, the radial distance at which the Figure 2 . Distribution of absolute magnitude at 1500 Å as a function of redshift (see Section 2) for all sources in the UVUDF catalog. We separate our sample into two redshifts bins (vertical dashed line) and implement a cut at M 1500 < −17 (horizontal dashed line) to ensure a sample that is luminositylimited in the UV and for which simple morphological diagnostics can be measured (average S/N per pixel 2). Note that, at 1.5 < z < 2.5, 1500 Å is sampled primarily by the deeper UDF optical imaging. local surface brightness is half of the internal surface brightness, r 50 ≡ r(η = 0.5), and η(r) ≡ I (r)/ I (< r) . This quantity is approximately equal to the half-light radius. We define the concentration following Kent (1985) and Conselice (2003) ,
where (r 80% , r 20% ) are the radii at which the integrated light profile is at 80% and 20% of the light within r(η = 0.2). Both quantities are defined in terms of a surface brightness ratio, so are insensitive to the depth of the imaging. In order to access the rest-frame ultraviolet in 0.5 < z < 1.5 galaxies, we use filters in the observed-frame near-UV and optical, including F225W, F275W, and F336W from the UVUDF and F435W, F606W, and F775W from the UDF. All observed-frame UV structural measurements use the peak flux in the optical/near-IR detection image as the center of the galaxy (see Section 2). We checked that our results were insensitive to the filter used to center the galaxy, alternately using the F336W and B-band centroids as a reference position for the structural diagnostics. No qualitative change in our results is observed. Note that in order to achieve maximum spatial resolution, we do not match the point spread functions (PSFs) between the ACS and UVIS images. The PSF in the optical ACS images is ∼10% larger than that in the UVIS images, but most of the galaxies are well resolved and we show in Section 3 that such effects are not large enough to bias our results significantly.
In order to test the dependence of our structural diagnostics on S/N, we used object-by-object Monte Carlo simulations. To do this, we first extract the galaxies in our sample from the appropriate ACS image (nearest to λ r = 3000 Å) using SExtractor (DETECT_MINAREA = 5 and DETECT_THRESH = 1.65). The ACS images are much deeper than the corresponding WFC3 observations, and are therefore a good approximation of the galaxy's "true" light distribution. We then simulated a noisefree WFC3 UVIS observation by normalizing this cutout so that the object's aperture-corrected magnitude is the same as that in the real UV image. Noise was then added using actual realizations from blank regions in the epoch 3 WFC3 image. We find that there are systematic decreases in both r e and C at very low S/N, but these decreases are <1% when the average S/N pixel is 2 within a 1 pixel annulus centered at r(η = 0.5) and r 80% , respectively. As such, we restrict our analyses in the UV to objects brighter than this limit.
Charge Transfer Inefficiency
One of the downsides to space-based CCD imaging is that the cumulative damage from cosmic radiation, in the form of charged particles, can create "charge traps" in the detector. When charge is transferred across the CCD in the readout phase, it can get caught in these traps, leading to a systematic loss of source flux in the processed image, as well as the creation of trails as the charge is eventually released later in the readout phase. This CTI is especially problematic in UV images, where the sky background is low and the majority of the trapped charges will be from individually detected sources. In galaxies detected at moderate-to-high S/N, the CTI effects can be corrected, but sources at the faint end can be lost entirely due to these effects. The impact of CTI on galaxy shape measurements has been studied in the context of weak lensing (Rhodes et al. 2010) , and it was found that galaxies far from the CCD readout can have their ellipticities altered by CTI effects.
For a detailed discussion of the impact of CTI on the UVUDF images and catalog, see Teplitz et al. (2013) . In Figure 3 , we plot the fractional difference in r 50 as a function of distance from the CCD readout in the UVUDF observations. Each panel includes . Difference in r 50 as a function of rest-frame wavelength for a sample of 198 0.5 < z < 1.5 galaxies with M 1500 < −17 (top) and a sample of 400 1.5 < z < 2.5 galaxies with the same magnitude cutoff (bottom). Differences are taken relative to the filter nearest to rest-frame 3000 Å. Black triangles indicate individual measurements, while red squares indicate the median differential radius in 10 object bins. Error bars for the medians are derived from 1000 bootstrap simulations and a typical error bar for the individual measurements is given in the lower right corner. The median r 50 exhibits a decrease at the bluest wavelengths, but remains constant to <15% over the range, 1200 < λ r < 4000 Å. (A color version of this figure is available in the online journal.) a linear least squares fit to the data (dashed line), both with slopes and y-intercepts that are consistent with zero at <1.5σ . We therefore infer that there is no systematic change in r 50 as a function of distance from the readout, as one might expect if CTI effects were significant. Note that both the post-flash and the pixel-by-pixel CTI correction mitigate the effects of the CTI in these observations.
WAVELENGTH DEPENDENCE OF r 50 AND CONCENTRATION
Ultraviolet light in the rest frame of galaxies will be dominated by recent ( 100 Myr) star formation, but observing bluer UV light allows us to distinguish the youngest (∼10 Myr) star formation, as well as regions least extincted by dust. By analyzing the wavelength dependence of simple structural diagnostics, such as r 50 and concentration, we can characterize the spatial variation of these changes. In Table 1 , we give the position, photometric redshift, M 1500 , r 50 at 3000 Å (r 3000 ), and C at 3000 Å (C 3000 ) for each galaxy in the 0.5 < z < 1.5 sample.
In the top panel of Figure 4 , we show how r 50 depends upon rest-frame wavelength in our sample of 0.5 < z < 1.5 galaxies. For each galaxy, we plot the fractional difference in r 50 relative to the filter nearest to rest-frame 3000 Å. This choice of wavelength ensures that the reference measurement is taken in the observedframe optical UDF images, in which all of our galaxies are detected at high S/N. The reader should bear in mind that our observations use broadband filters, with typical widths at z ∼ 1 ranging from Δλ r ∼ 200 Å at 1000 Å to Δλ r ∼ 1000 Å at (A color version of this figure is available in the online journal.) Figure 6 . Difference in r 50 (top panel) and concentration (bottom panel) as a function of r 3000 for a sample of 0.5 < z < 1.5 galaxies with M 1500 < −17. Differences are taken between far-UV wavelengths, λ r < 1800 Å, and the filter nearest to rest-frame 3000 Å. Black triangles indicate individual measurements, while red square points indicate the median differential radius in bins of Δlog r 3000 = 0.2. Error bars for the medians are derived from 1000 bootstrap simulations and a typical error bar for the individual measurements is given in the lower right corner. The fractional difference in r 50 is independent of size, while large galaxies are systematically less concentrated in the far-UV than the near-UV. This is likely due to the presence of bulges in many of the larger objects, which are faint at the bluest wavelengths.
(A color version of this figure is available in the online journal.) 4000 Å. Measurements near 912 Å, for example, will include light both blueward and redward of the Lyman break.
As shown in Figure 4 , the median r 50 decreases at λ < 1800 Å for galaxies in both redshift intervals. When we consider only Figure 6 , but for the 1.5 < z < 2.5 sample. There is no evidence for a systematic decrease in concentration except for galaxies with r 3000 4 kpc.
(A color version of this figure is available in the online journal.)
points bluer than this wavelength, the median change in r 50 is 5.5% ± 0.9%, while averaging over all λ < 3000 Å yields a change of 3.0% ± 0.5%. At z ∼ 2, the same measurements give a decrease in r 50 of 3.7% ± 0.6% and 3.2% ± 0.3%. The concentration, shown in Figure 5 , also decreases at z ∼ 1 for λ < 1800 Å, with ΔC = −0.07 ± 0.02 at z ∼ 1 (ΔC = −0.06 ± 0.01 for λ < 3000 Å). This is not consistent with the change in concentration seen at z ∼ 2 (ΔC = −0.01 ± 0.01 for λ < 1800 Å), suggesting that the wavelength dependence of concentration is more substantial at low redshift. We also plot the fractional difference in r 50 and concentration as a function of r 3000 (see Figure 6 ) for all measurements at λ r < 1800 Å. In addition to ensuring that the changes in morphology in the UVIS images are not due to the point spread function, this also helps us isolate the galaxies that are dominating the average trends shown in Figures 4 and 5 . While the decrease of r 50 in the FUV is approximately constant as a function of r 3000 , concentration only decreases for galaxies with Figure 8 . Difference in the 20% light radius (top panel) and the 80% light radius (bottom panel) as a function of r 3000 for a sample of 0.5 < z < 1.5 galaxies with M 1500 < −17. Data points are generated in the same way as in Figure 6 and a typical error bar for the individual measurements is given in the lower right corner. The fractional difference in the 20% light radius rises at large r 3000 , suggesting that the central profiles of large galaxies are flattening in the far-UV. This is likely due to the presence of bulges or proto-bulges in many of the larger objects at z ∼ 1. (A color version of this figure is available in the online journal.) r 3000 2 kpc. At z ∼ 2, this effect is still present (Figure 7 ), but only for larger galaxies (r 3000 4 kpc).
To better understand the origin of the changes in concentration, we used the Kartaltepe et al. (2014) catalog to obtain H-band visual classifications for 111 galaxies in the 0.5 < z < 1.5 sample with H < 24.5, all with at least four reliable classifications. We define disky galaxies to be those with spheroidicity >0.5, where classifiers identified the galaxy as being disk-dominated. By contrast, spheroidal galaxies are those that were considered to be bulge-dominated in the rest-frame optical, or spheroidicity <0.5. For spheroidal galaxies, the median change in concentration at λ < 1800 Å is consistent with zero, (C − C 3000 = −0.02 ± 0.03), while disky galaxies exhibit a significant drop in concentration over the same wavelength range, with C − C 3000 = −0.20 ± 0.05. This result suggests that Figure 9 . Panels demonstrating the change in morphology of 0.5 < z < 1.5 galaxies between rest-frame 1500 Å and 3000 Å. We show 2 postage stamps of rest-frame 3000 Å (nearest UDF optical image), rest-frame 1500 Å (nearest UVIS image), m 1500 − m 3000 , and rest-frame 7000 Å (nearest HUDF12 image). The grayscale images are all scaled relative to the minimum and maximum in each panel and the colorscale is given at the bottom. When a pixel is not detected in the UVIS cutout, we color it with the 1σ lower limit and overplot a small black triangle. To the left of each row, we give the galaxy redshift, difference in r 50 between 1500 Å and 3000 Å, and difference in concentration between 1500 Å and 3000 Å. (A color version of this figure is available in the online journal.) the decrease in concentration is occurring primarily in disk-like galaxies.
We can isolate the cause of this change even further by separately analyzing the wavelength dependence of r 20% and r 80% for the galaxies in our sample. Note that the difference in concentration between two wavelengths can be expressed as ΔC, where
A decrease in concentration in the FUV can occur due to a flattening of the inner part of the light profile, r 20%,1500 > r 20%,3000 , or a truncation of the wings, r 80%,1500 < r 80%,3000 , or some combination of both. In Figure 8 , we show the difference of these parameters in the FUV as a function of r 3000 . There is no evidence for a truncation of the outer light profile in the FUV for large galaxies. However, we do find evidence for an increase in the inner radius, with Δr 20% /r 20%,3000 = 0.12 ± 0.03 for galaxies with r 3000 > 2 kpc compared to galaxies with r 3000 < 2 kpc. This suggests that the trend in Figure 6 is driven by a flattening of the central portion of the light profile, likely due to a decreasing contribution from the bulge of disk-like galaxies further in the FUV.
DISCUSSION
Previous studies of star-forming galaxies at 0.5 < z < 1.5 in the CANDELS survey (Wuyts et al. 2012) revealed that the youngest stellar populations at 0.5 < z < 1.5 tended to be concentrated in clumps near the effective radius (approximately equivalent to r 50 ). In a simple 1 Gyr constant star formation model, they found that stars <10 Myr old will contribute ∼60% of the FUV light and stars <100 Myr old will contribute >90%. Therefore, we expect that young star-forming clumps, when present, will tend to set the physical scale on which both FUV and NUV emission are observed and r 50 should be approximately constant across this rest-frame wavelength range.
However, far-UV observations of local Sa-Sb galaxies do reveal differences between the 3000 Å and 1500 Å light profiles; in particular, they find that galaxies of type later than S0 exhibit a drop in concentration as one observes further into the FUV (Taylor-Mager et al. 2007). They attribute this change primarily to the diminished brightness of bulges at shorter wavelengths.
Although the fraction of bulge-dominated galaxies decreases with redshift, we still expect ∼60% of our galaxies to be bulgedominated at z ∼ 1 (Bruce et al. 2012) .
Overall, our results are consistent with these expectations, although we do observe a small decrease in r 50 (∼5%) in the FUV for samples at both 0.5 < z < 1.5 and 1.5 < z < 2.5. The cause of this decrease is not clear, but it is independent of galaxy size. We also observe a decrease in concentration in the FUV, consistent with results at low redshift. It is only marginal for the sample as a whole (ΔC 0.05, Figure 5 ), but the largest galaxies (r 3000 > 2 kpc) exhibit a drop of ΔC −0.3, which we find to be due to a flattening of the central portion of the light profile for λ < 1800 Å. A few illustrative examples are shown in Figure 9 , where we plot the pixel-by-pixel color maps of four 0.5 < z < 1.5 galaxies between rest-frame 1500 Å and 3000 Å. We also show NIR cutouts from HUDF12 for comparison. While the majority of the UV emission is blue, with m 1500 − m 3000 ∼ 0-1, the region near the rest-optical centroid tend to be redder than the rest of the galaxy. This is likely due to the presence of a bulge or proto-bulge near the center of the galaxy with older stellar populations and/or more dust than the rest of the galaxy.
To summarize, we find that a 1500 Å luminosity-limited sample of galaxies at 0.5 < z < 1.5 is both smaller (∼5%) and less concentrated (ΔC 0.05) at 1500 Å compared to 3000 Å. While the wavelength dependence of r 50 is independent r 3000 at all redshifts studied, the decrease in concentration is more substantial for galaxies with r 2 kpc at z ∼ 1. At z ∼ 2, concentration is approximately constant across the rest-UV for all but the largest galaxies (r 4 kpc). While we have painted a broad picture of the structural properties of star-forming galaxies in the FUV, a careful analysis of the spatial, size, and color distribution of star-forming clumps is underway (D. F. de Mello et al., in preparation) and should provide us with a more detailed picture of the star formation in these galaxies.
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